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The role of the third domain of CrylAa, a Bacillus thuringiensis insecticida! toxin, in toxin-induced membrane
permeabilization in a receptor-free environment was investigated. Planar lipid bilayer experiments were con-

ducted with the parental toxin and five proteins obtained by site-directed mutagenesis in block 4, an arginine-

rich, highly conserved region of the protein. Four mutants were constructed by replacing the first arginine in

position 21 by a lysine (R521K), a glutamine (R521Q), a histidine (R521H), or a glutamic acid (R521E). A fifth

mutant was obtained by replacing the fourth arginine by a lysine (R527K). Like CrylAa, the mutants formed ca-

tion-selective channels. A limited but significant reduction in channel conductance was observed for all mu-
tants except R521H. The effect was more dramatic for the voltage dependence of the channels formed by R521K
and R521Q, which was reversed compared to that of the parental toxin. This study provides the first direct

evidence of a functional role for domain III in membrane permeabilization. Our results suggest that residues

of the positive arginine face of block 4 interact with domain I, the putative pore-forming region of CrylAa.

The crystals produced by the Gram-positive bacterium Ba-

cillus thuringiensis during sporulation contain a variety of pro-

teins that are toxic to larvae from lepidopteran, dipteran, and

coleopteran insects (14). At the molecular level, it is believed

that pore-related increased permeabilization of the apical

membrane of midgut target cells constitutes the decisive step

which results in cellular ionic imbalance and ultimately cell

death (10, 15, 16). CrylC toxin forms ion channels in live cells

from the Sf9 (Spodoptera frugiperda) and the UCR-SEla (Spo-

doptera exigua) cell lines (23, 25). This protein also partitions in

receptor-free planar lipid bilayers (26). Several other Cry tox-

ins form ion-selective pores in planar lipid bilayers: CrylAa

(11), CrylAc (28, 29), CrylllA (29), CryIIIB2 (30), and CryllA

(6). However, little is known about the pore formation process

or about the biophysical properties of the channels, their reg-

ulation or their molecular architecture.

It has been proposed (5, 9) that activated B. thuringiensis

toxins have two distinct functional domains: a toxicity region

(the first half of the protein) and a binding region (its second

half). Highly conserved amino acid tracts are found in the toxic

region (blocks 1 and 2) and in the binding region (blocks 3, 4

and 5) (14). It is believed that these regions play an important

role in the insecticidal activity of Cry toxins. Recently, struc-

tural data have been obtained by X-ray crystallography of

CrylllA, a coleopteran toxin (20), and CrylAa, a lepidopteran

toxin (11). They show that the two toxins share a three-domain

tertiary structure. Among the conserved blocks, block 2 is

located mainly in domain I, which is thought to be involved in

transmembrane channel formation. Block 2 includes a7, the
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last helix of helix-rich domain I, and the flexible loop which

links domain I to domain II. Two other conserved tracts, block

4 and block 5, are located in domain III, whose role is believed

to be limited to the maintenance of the protein structural

stability. In particular, the fifth conserved tract has been shown

to be critical to the production of properly conformed CrylVA
toxins but had no effect on their insecticidal activity (24). Block

4, which is part of p-sheet 17 of CrylAa, is of particular inter-

est. This region of domain III, RYRVRIR (R, arginine; Y,

tyrosine; V, valine and I, isoleucine) from position 521 to

position 527, presents a strongly positively charged face and a

highly hydrophobic face. It interacts intramolecularly with

block 2 of domain I via a hydrogen bond between the side

chain of the third arginine (position 525) and a carbonyl oxy-

gen from the arginine in position 254 of block 2, with the latter

being the first residue in the loop which links domain I and

domain II (11).

Mutational studies were conducted on block 4 of CrylAa (3).

Although mutations in the second and third arginine positions

resulted in altered structure and expression of the protein,

other mutations directed to the first or the fourth arginine

provided products that were essentially similar to the wild-type

toxin in structure, as assessed by trypsin susceptibility and

circular dichroism spectra, and in binding to brush border

membrane vesicles from silkworm (Bombyx mori) midguts.

However, these mutants exhibited significant functional differ-

ences compared to CrylAa. In vivo toxicity to B. mori was

reduced, and the mutants were substantially less effective in

inhibiting the short-circuit currents recorded from voltage-

clamped silkworm midguts (3). These results suggest that block

4 plays a role in postbinding events, particularly at the level of

membrane permeabilization. Further work on these mutants

has been conducted recently to determine their effect on B.

mori brush border membrane vesicle permeability by using

light-scattering detection of vesicle swelling (31). It supported
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the previous results of Chen et al. (3) and demonstrated that

mutations in domain III do indeed affect CrylAa toxin function

at the midgut membrane level.

In the present study we examined the role played by block 4

of domain III in CrylAa channel formation in receptor-free,

artificial phospholipid membranes. By combining single-site

mutagenesis in block 4, the conserved alternating-arginine seg-

ment of domain III, with functional studies using ion channel

reconstitution into planar lipid bilayers, we demonstrated di-

rectly that domain III of CrylAa plays a role in membrane
permeabilization induced by the toxin. More specifically, our

results show that both the conductance and the voltage depen-

dence of the toxin-mediated channels are sensitive to single-

residue changes made in the conserved block 4 of domain III.

1 2 3 4 5 6 7

FIG. I. Sodium dodecyl sulfate (10%)-polyacrylamide gel electrophoresis of

trypsin-activated CrylAa and alternating-arginine mutant toxins. Lane 1, molec-

ular size markers, with molecular masses (in kilodaltons) shown on the left; lane

2, R521E; lane 3, R521H; lane 4, R521K; lane 5, R521Q; lane 6, R527K; lane 7,

CrylAa. The proteins were visualized by Coomassie brilliant blue staining.

MATERIALS AND METHODS

Mutagenesis and toxin expression and preparation. Mutant genes (31) were

expressed in Escherichia coli JM103 cells which were grown for 2 days. Inclusion

bodies were prepared and solubilized in sodium carbonate buffer at pH 9.5.

Toxins were obtained by trypsin digestion of protoxins at a final trypsin/protoxin

ratio of 1:25 (wt/wt) for at least 4 h at 37°C. Small peptides were removed by

column chromatography (fast protein liquid chromatography-Mono Q; Pharma-

cia Biotech, Piscataway, N.J.). Digested toxins were dialyzed overnight against

sodium carbonate buffer and then examined by sodium dodecyl sulfate (10%)-
polyacrylamide gel electrophoresis (17). For bilayer work, toxins were precipi-

tated with 40% ammonium sulfate and resuspended in 150 mM KG buffered

with 25 mM Tris at pH 9.0 to prepare the toxin stock solution (0.8 to 1.5 mg of

protein per ml). All chemicals were obtained from Sigma (St, Louis, Mo.), unless

noted otherwise.

Planar lipid bilayer methods and data analysis. Planar lipid bilayers (26) were

formed from a 7:2:1 lipid mixture (final concentration of 25 mg/ml in decane) of

phosphatidylethanolamine, phosphatidylcholine, and cholesterol (Avanti Polar

Lipids, Alabaster, Ala.). The bilayer was painted, using disposable glass rods

made from prepulled, sealed-tip Pasteur pipettes, across a 250-u.m orifice drilled

in a Delrin cup (cis chamber) and pretreated with the above-described lipid

mixture dissolved in chloroform. Membrane thinning was monitored by visual

observation through a binocular dissection microscope and was assayed electri-

cally by applying a triangular voltage to the membrane. Typical membrane
capacitance values ranged between 150 and 250 pF. Channel activity following

addition of trypsin-activated toxin or its mutants to the cis chamber at 5 to 20

jig/ml (85 to 340 nM) was monitored by step changes in the current recorded

during holding test voltages across the planar lipid bilayer. Toxin incorporation

was facilitated by stirring the buffer in the cis chamber with a magnetic stir bar

and by applying a holding voltage of -80 mV. Temperature and pH were

measured with a combined instrument (BAT-10/PHM-1) from Physitemp

(Clifton, N.J.). All experiments were performed at room temperature (20 to

22°C) in buffer solutions containing either 150 or 450 mM KC1, 1 mM CaCl2 , and

10 mM Tris, pH 9.0. Single-channel currents were recorded with an Axopatch-ID

patch-clamp amplifier (Axon Instruments, Foster City, Calif.). The 5-kHz low-

pass-filtered currents were pulse-code modulated (Instrutech Corp., Great Neck,

N.Y.) and stored on VHF magnetic tape. For analysis, data were played back

through an analog eight-pole, low-pass Bessel filter (Frequency Devices, Haver-

hill, Mass.) set at 600 Hz and digitized at a 2.5-kHz sampling frequency (Lab-

master TH25; Axon Instruments). Data analysis was performed on a personal

computer with pClamp or Axotape software (Axon Instruments). For each ap-

plied voltage, current amplitudes were measured on the recorded traces. For

some voltages, current amplitude histograms were generated. Due to the mul-

tichannel nature of most records, no attempt was made to compare the kinetic

properties of the single channels formed by the various proteins tested in this

study, as multichannel activity rendered the interpretation of open-time and

closed-time analyses quite complicated (21). However, a quantitative estimate of

channel activity was obtained by measuring tQ) the sum of the total open times

spent by the N identical channels at each open state level, over /,, the total

recording time interval. N, the number of active channels in the bilayer, was

obtained from channel current amplitude histograms, and Pc , the estimated

mean probability of a channel being open, was calculated by Pa - {tJt^lN.

Subconductance states were recognized as described before (26) by using the

following identification criteria (7): (i) direct transitions from subconductance

levels to main conductance levels were observed, (ii) subconductance states were

never observed in the absence of the main conductance state, and (iii) the main

conducting state did not result from the superposition of two or more indepen-

dent channel openings.

Applied voltages are defined with respect to the trans chamber, which was held

at virtual ground. Positive currents (i.e., currents flowing through the planar lipid

bilayer from the cis chamber to the trans chamber) are shown as upward deflec-

tions. The direction of current flow corresponds to positive charge movement.

Conductance data are given as means ± standard errors of the means (SEMs).

The mean conductance of each mutant main conducting state was compared to

that of the parental toxin by using a two-tailed Mann-Whitney U test (P < 0.01).

RESULTS

CrylAa and its mutants form channels in planar lipid bi-

layers. Figure 1 shows that the wild-type protoxin as well as the

arginine mutants were processed by trypsin to approximately

62-kDa toxic cores. The recombinant CrylAa used in this study

formed channels that resembled closely those recorded under

similar conditions after incorporation of wild-type CrylAa
toxin purified by fast protein liquid chromatography (11). Sim-

ilarly, the products obtained from single-site mutations of ar-

ginine in position 521 or 527 of the toxin partitioned in lipid

membranes after a few minutes and at similar doses (85 to 340

nM). Well-resolved current jumps corresponding to the pas-

sage of ions through open channels were recorded as illus-

trated in Fig. 2 (traces).

Channel activity: multiple channels and substates. Usually,

the number of active channels following the incorporation of

CrylAa or its mutants into the planar lipid bilayer increased for

a short period of time (5 to 10 min). It then remained stable for

tens of minutes to hours, suggesting that progressive but rather

limited incorporation took place in the planar lipid bilayer.

Depending on the protein, more than one level of current

jumps were observed, and for some of them, bursts of up to 10

different levels were regularly recorded. Qualitative differences

in toxin channel activity were apparent (Fig. 2, traces). Com-
pared to that of CrylAa, R521H partition into the lipid bilayer

was more difficult: at an equivalent dose, it took longer for the

onset of channel activity, and usually only one principal con-

ducting level was seen, with long open times separated by long

closed times (1 s or longer). This mutant did possess small

subconducting states at positive voltages (Fig. 2, traces). The
kinetics of R521K and R527K channels was generally similar to

that of CrylAa, with multiple, stable openings of average du-

ration (1 s or less). Subconducting states were apparent in

R527K held at positive voltages. Similarly, the channels

formed by R521E possessed several subconducting states when
positively polarized. In contrast, R521Q subconducting states

were observed only at negative voltages. This protein displayed

a noisier activity under these conditions.

Site-directed mutations affect single-channel conductance,

voltage dependence, and activity level of CrylAa channels.

Single-channel conductances of CrylAa and its mutants were

derived from the slopes of linear regression curves of single-

channel current data recorded for several voltages applied

across the lipid bilayer (I-V curves). For conductance deter-

mination, only the principal conducting states, i.e., the largest
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FIG. 2. The top parts of the panels show representative single-channel current traces recorded after partition of CrylAa and the five CrylAa mutants into planar

lipid bilayers separating symmetrical KCI buffer solutions (150 mM in the cis chamber and 150 mM in the trans chamber) at pH 9.0. R521 mutants are shown in order

of the charge shift sequence from positive to negative (R, K, H, Q, E). For the top traces, the applied voltage was +20 mV; for the bottom traces, the applied voltage

was -20 mV. Arrows on the left of the traces indicate the closed state of the channels. Subconducting states are indicated by asterisks near the current traces. Scales:

vertical bars, 10 pA; horizontal bars, 160 ms. The bottom parts of the panels show corresponding current-voltage relations (1-V curves). Data points from each individual

experiment are represented by identical symbol types and were fitted by linear regression. Conductance values given in the upper left quadrants of the I-V curve graphs

are means ± SEMs of the linear regression slopes.
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TABLE 1 . Single-channel properties and in vivo toxicities of

wild-type CrylAa and five alteraating-arginine mutants*

Ion channel6

Activated

toxin Conductance (pS)

(mean ± SEMf

Mean P0 at:

-20 mV +20 mV

LD50

(ng/larva)

(40-50 larvae)'

CrylAa 505.1 ± 2.5 (7) 0.37 0.25 4.5

R521H 512.2 ± 8.3 (5) 0.05 0.13 7.9

R521Q 463,4 ± 4.8* (5) 0.13 0.44 8.4

R521E 443.0 ± 19.2* (4) 0.62 0.38 8.4

R521K 441.2 ± 11.9* (5) 0.24 0.53 7.6

R527K 463.7 ± 2.2* (4) 0.04 0.06 7.7

a Conductance values of the R521 mutants are shown in decreasing order. This

sequence differs from the charge shift sequence (R, K > H, Q > E) predicted for

the 14-residue segment (PLSQRYRVRIRYAS) that includes the alternating-

arginine region of block 4.

With 5 to 20 u,g of activated toxin per ml in the cis chamber and symmetrical

(150 mM) KCI conditions.
f LD50, 50% lethal dose. Results are reproduced from reference 31. Larvae

were force fed 2 uJ of activated toxin solution.
d The number of experiments for each toxin is shown in parentheses.
* Significantly different from CrylAa conductance by Mann-Whitney U test

(P < 0.01).

detectable current jumps for which direct transitions between

the baseline and the conducting level, could be observed, were

considered. Such I-V curves were obtained from current data

recorded under symmetrical ionic conditions (Fig. 2) and un-

der nonsymmetrical conditions (see Fig. 4). The I-V curves

were rectilinear, which indicated that the channels passed cur-

rent equally well in either direction. Conductance data ob-

tained with 150 mM KCI in both the cis and the trans chambers

are listed in Table 1. Replacement of R521 by a histidine did

not affect channel conductance, but the channel conductances

of the other mutants were significantly reduced, by 8.1 to

12.7%. With 450 mM KCI in the cis chamber and 150 mM KCI
in the trans chamber, the conductance of CrylAa was 575 ± 53

pS (n = 2), the conductance of R521K was 540 ± 29 pS (n =

3), and the conductance of R527K was 654 ± 18 pS {n = 2).

All-point amplitude histograms were generated from 30-s,

600-Hz filtered current records for each protein held at -20 or

+20 mV (Fig. 3). They provided a semianalytical tool (4, 21)

which was used to compare CrylAa to its mutated counter-

parts. The number of distinguishable peaks observed in such

histograms indicated the presence of multiple channels or sub-

conductance states (or both). The area under each peak rep-

resents the occupancy probability of the channels at each spe-

cific current level. Overall channel dependence on voltage can

be qualitatively assessed by means of these histograms, as volt-

age-independent channels exhibit similar current peak distri-

butions, particularly at voltages of opposite polarity. Figure 3

shows that for most toxins, amplitude histograms generated at

-20 mV were different from those generated at +20 mV, a

clear indication that the channels formed by CrylAa and most

of the mutated toxins were voltage dependent. Furthermore,

the amplitude histograms of channels formed by CrylAa and
the arginine mutants were markedly different. At +20 mV,
CrylAa displayed several distinct, equidistant peaks. The am-
plitude of the leftmost peak, which corresponded to the closed

state of all channels, was the largest. The next peaks were

progressively smaller. At -20 mV, the amplitude histogram of

CrylAa was different: the closed state was less frequent, as

demonstrated by the small amplitude of the rightmost peak,

and occupancy of the second and third levels was favored.

Therefore, the mean probability of CrylAa channels being

open was increased by negative voltage. A similar behavior was
observed for R521E. In contrast, the situation was reversed for

R521K and R521Q, for which the occupancy probability

shifted to higher current levels with positive voltages. Finally,

R521H and R527K amplitude histograms reflected the low

level of activity of these two mutants. This may be explained by

the fact that the mutated proteins were difficult to incorporate

into planar lipid bilayers. Alternatively, it is also possible that

these particular mutations affected the gating of the proteins in

such a way that the channels they formed remained mostly

closed. Pa , the mean probability of each mutant channel being

open at two opposite voltages, was obtained from typical 30- to

90-s current records (Table 1). These data are consistent with

the results of the amplitude histogram analysis described above.

They show that in contrast to CrylAa and R521E, R521K and

R521Q were activated by positive voltages.

Like those of CrylAa, the channels formed by the mutants

are cation selective. Ionic selectivity was tested under nonsym-

metrical ionic conditions (450 mM KCI in the cis chamber and

150 mM KCI in the trans chamber). The current-voltage rela-

tions of CrylAa and its mutants were determined as described

above. They shifted to the left, with zero-current voltages, i.e.,

reversal potential becoming more negative by approximately

25 mV for CrylAa, 15 mV for R521K, and 18 mV for R527K,
as illustrated in Fig. 4. The other mutants behaved the same way
(not shown). This shift was consistent with a Nernst equilibrium

potential of -27.7 mV calculated for monovalent cations under

these conditions, demonstrating the selectivity of the channels

for cations. It should be noted that the apparent reduction

of selectivity for cations, compared to that of CrylAa, was ob-

served in a small set of experiments. Determination of whether

it reflects a true effect of mutation needs further investigation.

DISCUSSION

In this study, the lipid bilayer technique was used to compare
the in vitro ion transport properties of wild-type CrylAa toxin

to those of five proteins obtained by site-directed mutagenesis

in the conserved alternating-arginine region of CrylAa. Two
important biophysical properties of the channels were signifi-

cantly altered by mutations in block 4 of the third domain of

CrylAa: the conductance of most mutants was reduced and the

voltage dependence of two of them, R521K and R521Q, was
reversed, compared to those of the wild-type toxin. While this

effect of mutation on conductance was not dramatic, it was
statistically significant. In terms of residue substitution in po-

sition 521 of the protein, the order of conductances (from the

largest to the smallest) was H, Q, E, K. This order did not

follow that of a progressive charge shift from positive to neg-

ative predicted for the residue sequence that maps CrylAa
conserved block 4. Interestingly, R521K, the most conservative

mutation, and R521E, the least conservative mutation, affected

similarly the conductance of the channel, while a histidine

substitution had no effect. These results suggest that local

charges in the alternating-arginine region are at best a minor

determinant of CrylAa conductance. The second major effect

of arginine mutation, i.e., reversal of the channel voltage de-

pendence, was clearly apparent in the all-point amplitude his-

tograms constructed for CrylAa and its alternating-arginine

mutants and was confirmed by the results ofPQ analysis. There-

fore, while the voltage dependence of CrylAa channels was
influenced by certain mutations in block 4, it did not appear to

be regulated by the charge of the residue in position 521. Other

factors, like residue size, side chain orientation and intra- or

intermolecular interactions, may also play a critical role. It is
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clear that further work is needed to clarify the complex nature

of conductance and voltage regulation of Cry toxin channels.

Chen et al. (3) reported that arginine mutations in the fourth

conserved block of CrylAa did not affect binding to B. mori
brush border membrane vesicles. Compared to CrylAa, the

mutants were approximately four times less active against sec-

ond-instar silkworm larvae, as determined by diet surface con-

tamination bioassays, and were less efficient in inhibiting the

voltage clamp short-circuit current related to active transport

across fifth-instar larvae midguts. Biological activity of the

same mutated products as those used in the present investiga-

tion was tested with B. mori larvae by using a force-feeding

bioassay (18). The results, which were reported elsewhere (31),

are reproduced in Table 1 for convenient comparison with

electrophysiological data. They show that compared to that of

CrylAa, the toxicity of the mutants, i.e., the inverse of the 50%
lethal dose, was reduced by 41 to 46%. In the same work (31),

it was shown, using a light-scattering permeability assay on
brush border membrane vesicles, that R521H, R521K, and
R521Q exhibited the same membrane permeabilization capa-

bility as CrylAa, while R521E, R523K, R527H, and R527K
were less active in the vesicle permeabilization assay. Our
conductance data for R521E, R521H, and R527K are consis-

tent with the light-scattering results. However, the mutants

with lysine and glutamine in position 521 behaved differently in

the two assays. The reasons for these discrepancies are not

apparent, but they may be dependent on experimental con-

ditions. It should be noted that both Chen et al. (3) and
Wolfersberger et al. (31) conducted their experiments on bio-

logical preparations with functional CrylAa receptors. The re-

sults suggested that a change in ion transport properties of the

mutated toxins took place, and it was concluded that mutations

in the alternating-arginine region of CrylAa affected mainly

the postbinding events related to toxicity. However, none of

these studies could conclusively attribute the effect to altered

pore function. In midgut voltage clamp experiments it is diffi-

cult to rule out metabolic pathways or paracellular permeabili-

ties. Data from brush border membrane vesicle experiments

report only the effects of toxins on membranes extracted from
the luminal side of the midgut epithelium cell layer and in the

absence of metabolic regulation. Furthermore, information ob-

tained from these two experimental models is restricted to

overall macroscopic ion transport, i.e., to the current whose
total amplitude corresponds to the product of single-channel

current amplitude, total number of channels present in the

membrane, and probability of each channel being open (13).

Many of these interpretative difficulties can be reduced with

the lipid bilayer approach, which provides direct biophysical

information on single-channel properties of pore-forming pro-

teins. Conductance, ionic selectivity, and, in the simplest cases,

kinetic behavior can be ascribed precisely to the permeating

pathway. On the other hand, the lipid bilayer technique also

has its limitations: the artificial membrane may poorly mimic
the actual membrane composition and environment in the gut,

and of course there is no receptor and no metabolic regulation.

Nevertheless, the present study demonstrates clearly that sin-

gle-site mutations in block 4 of CrylAa resulted in altered

FIG. 3. All-point current amplitude histograms for 30-s recordings at -20
mV (left) and at +20 mV (right). R521 mutants are shown in order of the charge

shift sequence from positive to negative (R, K, H, Q, E). Counts were distributed

in 120 bins. They are shown on the vertical axes (4,000 counts/tick). Horizontal

axes represent the current amplitude (pA). The rightmost peaks in the histo-

grams on the left and the leftmost peaks in the histograms on the right corre-

spond to the closed state of the channels at holding voltages.
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FIG. 4. The top parts of the panels show representative single-channel current traces recorded after partition of CrylAa and two R-to-K mutants into planar lipid

bilayers separating nonsymmetrical KC1 buffer solutions (450 mM in the cis chamber and 150 mM in the trans chamber) at pH 9.0. Applied voltages are indicated next

to the traces. Arrows on the left of the traces indicate the closed state of the channels. Subconducting states are indicated by asterisks near the current traces. Scales:

vertical bars, 10 pA; horizontal bars, 160 ms. The bottom parts of the panels show corresponding current-voltage relations. Data points from each individual experiment

are represented by identical symbol types and were fitted by linear regression. Conductance values given in the upper left quadrants of the I-V curve graphs are means ±
SEMs of the linear regression slopes. The direction and the magnitude of the reversal potential shifts (horizontal axis intercept) observed on the I-V curves demonstrate

that CrylAa (-25.0 ± 1.1 mV), R521K (-14.7 ± 2.2 mV), and R527K (-18.2 ± 1.9 mV) are selective to cations.

functional properties of the protein. While all mutants retained

the ability to partition into phospholipid membranes, R521H
was significantly less effective in doing so, as only one channel

opening level was usually observed. Furthermore, other crucial

functions, such as conductance and voltage dependence, were

affected by mutation. Considering that domain I of CrylAa,

which is totally a-helical (11), is a leading candidate for pore

formation, this study suggests that there are long-range inter-

actions between domain I and the conserved alternating-argi-

nine region of domain III and that these interactions do not

depend solely on the charges of the mutated residues.

It has been proposed that Cry toxin insertion into mem-
branes would be the result of "penknife"- or "umbrella"-like

conformational changes triggered by binding of the toxin to its

receptor (15). In the first model, the hairpin made of helices a5

and a6 flips into the cell membrane, and the rest of the mol-

ecule remains in the aqueous phase in a relatively unchanged

conformation. In the second model, helices a4 and cx5 enter the

bilayer as a helical hairpin, and the other five helices of domain
I flatten out on the membrane surface. An interesting feature

of the umbrella model is that the region of the toxin that

includes the alternating arginine segment moves closer to the

area which could form the mouth of the putative channel

formed by oligomeric association of other similarly unfolded

toxins. Based on the data presented in this study and on the

results of experiments conducted with disulfide-bridge-engi-

neered Cry toxins (27, 32), it is tempting to propose that the

alternating arginine region does indeed become part of, or

interacts with, the mouth of the channel. Mutations in this

region may therefore alter the channel mouth environment,

which would result in reduced ion transport across the mem-
brane and diminished biological activity.

In summary, this study demonstrates directly, and for the

first time, that domain III, a part of the protein which has

already been shown to play a role in binding and specificity

determination (1, 2, 8, 19, 22), plays an important role in

membrane permeabilization. More specifically, CrylAa toxin

channel conductance and voltage dependence were signifi-

cantly influenced by the alternating arginine segment of do-

main III. Furthermore, if the toxin pore is indeed formed by

domain I, as has been proposed (11, 20), this study would also

provide new direct evidence of a functional interaction be-

tween domain I and domain III in Cry toxins. Such an inter-

action between the N- and C-terminal regions of CrylAb has

been implied at the level of toxin specificity (12). By providing

new information on structure-function relations in CrylAa, this

study will help to further our understanding of the molecular

properties and the mode of action of B. thuringiensis toxins.
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